The quaternary copper chalcogenide, Cu 2 ZnSnS 4, is an important emerging material for the development of low cost and sustainable solar cells. Here we report a facile solution synthesis of stoichiometric Cu 2 ZnSnS 4 in size controlled nanorod form (11 ×35 nm). The monodisperse nanorods have a band gap of 1.43 eV and can be assembled into perpendicularly aligned arrays by controlled evaporation from solution.
4,5
In particular, copper based ternary and quaternary semiconductors such as CuInS(Se) 2 (CIS), CuIn x Ga 1-x S(Se) 2 (CIGS) and Cu 2 ZnSnS(Se) 4 (CZTS) are of interest due to their high absorption coefficients, low toxicity and suitable band gap for solar energy conversion. [4] [5] [6] Advances in the colloidal synthesis and shape control of nanocrystal CIS and CIGS have been demonstrated although similar reports with CZTS remain elusive. 4c-4e CZTS is flagged as the material most likely to allow unrestricted PV application on a global scale, given the relatively abundant nature of Zn and Sn in comparison to In and Ga and the promising efficiencies of 9.7%. 6, 7 Generating CZTS in nanocrystal form allows absorber layer production by simple solution processes (spin-casting, spraying or printing methods) dramatically offsetting the cost of expensive vacuum processes. 6b,7,8b While synthesis of 0D CZTS nanocrystals in the tetragonal crystal structure, 5a-5e has been achieved, their formation in the more attractive rod geometry remains elusive. In nanorods, maximization of total absorption and directional charge transfer is possible by controlling the length while retaining the diameter dependent properties such as band gap. Moreover, control of orientation and positioning such that each nanorod is vertically aligned and close packed allows their collective properties to be harnessed at a device scale. Herein we describe a colloidal synthesis of monodisperse stoichiometric Cu 2 ZnSnS 4 nanorods in high yield. The quaternary semiconductor nanorods occur in the wurtzite crystal structure with elongation occurring along the [002] direction and exhibit a band gap of 1.43 eV. This crystal phase is attractive not just for shape control but is also known to allow wide range tuning of the band gap due to random distribution of In/Sn and Ga/Zn ions in the crystal structure. 4f,4g,5f We further demonstrate the subsequent assembly of the rods into superstructures with each rod close packed and orientated orthogonal to the substrate. The rod geometry, hierarchical assembly and optimal crystal structure makes this route of significant interest for low cost PV devices. In a typical synthesis, copper(II) acetylacetonate (0.261g, 1mmol), Zinc acetate (0.091g, 0.5mmol), Tin(IV) acetate (0.177g, 0.5mmol) and TOPO (1.353g, 3.5mmol) were mixed with 10mL of 1-octadecene in a three-neck round-bottom flask and evacuated at room temperature for 30-45mins. The solution was then heated to 240-260°C under an argon atmosphere. At 150-160°C, a mixture of 0.25mL 1-DDT and 1.75mL t-DDT was quickly injected into the flask which resulted in an immediate color change from dark green to wine red and then finally to brown. After injection, the reaction was allowed to proceed for 15-30 minutes with continuous stirring. Nanorod growth was terminated by removal of the heating mantle and at 80°C, 2-4 ml anhydrous toluene were added to the mixture to quench the reaction. The nanorods were then washed in a 1:1 ratio of toluene to ethanol and centrifuged at 4000rpm for 10mins to yield a brownish centrifuged product.
The dark-field STEM (DF-STEM) image in figure 1a shows that the nanorods formed show good monodispersity with average lengths of 35 ± 3nm and diameters of 11 ± 0.5nm. The assynthesized CZTS nanorods are predominantly bullet shaped with ~7 % polydispersity that can be improved by size-selective precipitation. The polycrystalline electron diffraction pattern shown in inset figure 1a is indexed with rings to (002), (101) and (102), which correspond to the wurtzite phase of CZTS. High-resolution TEM (HRTEM) images of an individual bullet shaped nanorod (figure 1b) showed lattice fringes with spacing of d = 0.32 which corresponds to the (002) lattice plane of the wurtzite CZTS structure. This growth direction along the c-axis is characteristic of the wurtzite phase 3a,3c,4c-4e and its preferred formation in this synthesis, rather than kesterite, is critical to elongation. The key for stabilizing the wurtzite phase rather than kesterite is the use of dodecanethiol in the reaction as it acts both as a sulfur source and ligand. Dodecanethiol has been previously reported as a strong coordinating ligand for the wurtzite copper-based chalcogenide nanocrystals, CIS and CIGS. 4c-4g,5f While studying the effect of thiols (1-DDT and t-DDT) on the formation of wurtzite CZTS nanocrystals we observed that a combination of both is necessary for the nanorods to form. In addition, single phase CZTS nanorods were formed only when the thiols were injected at temperature <200°C to avoid the formation of unwanted Cu 2 S side products. Synthesis carried out in the presence of only 1-DDT (see detail in Supporting information) yields only smaller pseudo-spherical wurtzite CZTS nanocrystal ( Figure S1 ). Conversely, if the concentration of I-DDT is doubled in the reaction mixture, the shape of CZTS nanocrystal changes from bullet to more conventional rod shaped as seen in figure 1c . This suggests 1-DDT binds more strongly to facets other than the (002) allowing anisotropic growth in this direction. The HRTEM image of individual rod shape CZTS nanorod shows clear lattice fringes with spacing of d = 0.32 nm, corresponding to (002) lattice planes of the wurtzite structure. XRD was investigated as a bulk analysis technique to ensure compositional homogeneity across the nanorod samples. A resultant XRD diffractogram can be seen in figure 2a with major reflections at 2theta values which correspond to (100), (002), (101), (102), (110), (103) and (112) planes of hexagonal structure and match well with the previously reported CZTS wurtzite structure.
5f This structure can be derived from wurtzite ZnS by substitution of Zn with Cu and Sn atoms.
5f In particular, the XRD pattern of wurtzite CZTS matches the combined reflections from hexagonal ZnS and monoclinic Cu 2 SnS 3 as seen in figure 2a . The single Raman peak at 333 cm -1 is close to the value reported for bulk CZTS (figure 2b). 12 The noted broadening of the Raman peak has been shown before for nanocrystals and is due to the phonon confinement within the nanocrystal. 13 It is noticeable that there are no additional peaks for other phases such as ZnS, SnS and Cu 2 S which confirms the single phase of CZTS nanorods.
X-ray photoelectron spectroscopy was performed to investigate the chemistry of the CZTS nanorods. Survey spectrum of the synthesized nanorods identifies the presence of the Cu, Zn, Sn, S, O and C ( Figure S2 ). High resolution spectra of Zn 2p, Cu 2p, Sn 3d and S 2p were measured to determine the oxidation states of the constituent elements (figure 3). The narrow doublet peaks of Cu 2p spectrum (figure 3) appear as a doublet with 2p3/2 at 932.1 eV and 2p1/2 at 951.9 eV with peak separation of 19.8 eV indicative of Cu (I). 14, 4b The peaks of Zn 2p appear at binding energies 1021.6 eV and 1044.7 eV which can be assigned to Zn (II) with peak splitting of 23.1 eV. 4a The Sn (IV) state is confirmed by peaks located at 486.4 eV and 494.8 eV with its characteristic peak separation of 8.4 eV. 14, 15 The sulphur spectrum can be assigned to the presence of sulphides at binding energies 161.7 eV and 162.9 eV and doublet separation of 1.2 eV. 14, 15 Also In order to investigate the quantitative analysis of all four elements in the nanorods, Energy dispersive X-ray (EDS) equipped with an SEM was used to find the stoichiometric ratio of Cu:Zn:Sn:S is close to 2:1:1:4 ( Figure S3 ) which corresponds well with the elemental ratio of CZTS. The as-synthesized CZTS nanorods have high uniformity across the length and diameter, which is a prerequisite for selfassembly. We have recently shown with wurtzite (II-VI) nanorods that the simplest method to achieve perpendicular assembly is to create conditions such that rods pre-organize in solution. At an optimal concentration, the inter-nanorod distance in solution is sufficient to allow attractive interparticle interaction such as dipole-dipole to overcome columbic repulsion to allow nucleation and growth of 2D assembled sheets.
10c,10d The CZTS rods have a charge of 5± 2 mV and a permanent dipole along the [002] direction. Therefore, simply modulating the nanorod concentration over a range allows isolation of the critical concentration for preferential assembly. The top down DF-STEM image in figure 4a shows a 3D superstructure of CZTS nanorods. Figure 4b shows TEM images of a monolayer of vertically oriented CZTS nanorods where the perfect close packed hexagonal ordering can be seen. The inset top-down HRTEM image of single nanorods shows the d-spacing in the lattice fringes is 0.32 nm, which matches with the (002) plane of wurtzite structure of CZTS nanorods.
When the rate of evaporation of solvent is controlled, the 2D sheets can be deposited sequentially forming 3D multilayer arrays as shown in figure 4c,d . Assemblies up to micron sized areas are also obtained by this approach (Supporting Information: figure S4 ). The band gap of CZTS nanorods was calculated using UV-vis spectra, (Supporting Information: Figure S5 ) at 1.43 eV by extrapolating the linear region of a plot of (αhν) 2 versus energy, where α represent the absorption coefficient and hν is photon energy. 5f
In conclusion, a reproducible solution synthesis has been reported to synthesize high quality monodisperse wurtzite Cu 2 ZnSnS 4 nanorods. The rods are defect free single crystals with a band-gap in the visible part of the electromagnetic spectrum. The constituent elements of these rods, are non-toxic and in high abundance allowing for a wide range of low cost applications exploiting their absorption or emission properties e.g. biolabels, fluorescent emitters or photocatalyis. Their facile organization into close packed and vertically oriented arrays on the substrate strengthens their potential for use as solar absorber layers where directional orientation and length control will likely allow for enhanced efficiencies 9b,16 ASSOCIATED CONTENT (Detailed experimental procedure. TEM images of pseudo-spherical wurtzite CZTS nanocrystal and XRD pattern, EDX and XPS survey spectra, Additional SEM images. This material is available free of charge via the Internet at http://pubs.acs.org.
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